We characterize the spin Hall magnetoresistance (SMR), spin Seebeck effect (SSE) and damping-like spin-orbit torque (SOT) in thulium iron garnet/platinum bilayers with perpendicular magnetic anisotropy (PMA), by using harmonic Hall effect measurements. By consecutive annealing steps followed by measurements on a single device, we reveal that the spin-dependent effects gradually decrease in amplitude as the annealing temperature increases. We attribute this behavior primarily to the changes in the spin-mixing conductance which sensitively depends on the interface quality. However, further analysis demonstrates that, although the SSE scales closely with the SMR, the damping-like SOT shows a significantly different trend upon annealing, contrary to theoretical expectations. By comparing the damping-like SOT with the field-induced Hall effect we found evidence that scattering from Fe impurities in the Pt at the interface might be responsible for the distinct annealing temperature dependence of the damping-like SOT.
INTRODUCTION
Magnetic insulators (MIs) have emerged as an important material class due to their attractive magnetic properties that cannot be easily obtained in metallic magnetic materials. Ultralow damping, low saturation magnetization and large magnon decay lengths are some important attributes of certain types of MIs, particularly iron-based garnets. 1 Consequently MIs are highly efficient for generating, absorbing, and transmitting pure spin currents [2] [3] [4] providing the basis for future low-dissipation spintronic devices compatible with long-range spin transport and ultrahigh frequency operations. 5 Thus far, the majority of MI research has focused either on ferrites or on the archetypal yttrium iron garnet (YIG), due to its exceptional magnetic and optical properties. 1, 6 By placing YIG in contact with a normal metal (NM) possessing large spin-orbit coupling (typically Pt) several interrelated spin transport phenemona have been revealed and studied by taking advantage of the direct and inverse spin Hall effects (SHE) in the NM that enable spin-charge interconversion. 3, 4, [7] [8] [9] [10] In particular, three spin-dependent effects have found broad interest in the spintronics community. The first one is the spin Hall magnetoresistance (SMR). 8, [11] [12] [13] It describes the changes in the electrical resistivity of a non-magnetic metal (NM) adjacent to a MI depending on the magnetization orientation. As depicted in Fig. 1 (left panels), the effect arises due to the asymmetric scattering of the SHE-induced spin current at the MI/NM interface, which depends on the relative direction of the magnetization with respect to the spin polarization.
The backscattered spin current contributes to the charge current via the inverse SHE, which ultimately manifests itself as a modification in the longitudinal and transverse resistivities. 14 A second widely-studied effect is spin-orbit torque (SOT). [15] [16] [17] [18] [19] SOTs are current-induced torques exerted on the magnetization as a result of strong spin-orbit coupling and inversion asymmetry. These SOTs typically originate from the SHE in the bulk of the NM ( Fig.1 middle panels) and Rashba-Edelstein effect at the interfaces of dissimilar materials. [20] [21] [22] SOTs were first discovered and have been widely studied in all-metallic systems 18, [23] [24] [25] [26] [27] whereas studies in MI/NM systems remain sparse. 28, 29 This is mainly due to difficulties associated with the in-plane magnetization of most MIs and low electrical readout signal driven by SMR. However, recently, SMR and strong SOTs have been reported in a thulium iron garnet (TmIG)/Pt bilayer system possessing perpendicular magnetic anisotropy (PMA). 15, 30 The PMA in this system was exploited to demonstrate current-induced magnetization switching and direct electrical measurement of the damping-like SOT based on harmonic analysis of the SMR-driven Hall effect signal, 15, 30 similar to all-metallic NM/ferromagnetic systems. Finally, the third prominent spin-dependent phenomenon is the spin Seebeck effect (SSE). 3, [31] [32] [33] [34] [35] It describes pure spin current generation in a ferromagnetic material driven by a temperature gradient ( ). The temperature difference along the gradient direction creates an imbalance in the magnon population which manifests itself as a spin current. This spin current, once it has diffused into a NM with large spin Hall angle, creates an inverse SHE or spin Seebeck voltage ( ) as depicted in Fig.1 (right panels).
To generate and study the above spin-dependent effects, one requires: i) efficient spin transmission across the MI/NM interface, i.e. large and real spin mixing conductance ( ), ii) a spin Hall metal with appropriate properties such as large spin Hall angle and short spin diffusion length. The latter, being intrinsic material properties, cannot be easily modified. However the interface properties are more sensitive to sample preparation and post-growth processing, and play a major role in the measurement of the spin-dependent effects discussed above, i.e. the SMR, SOT and SSE. Therefore, altering the interface of a given system in a systematic manner can provide useful insight into the connections between these different effects and shed light on the underlying physics of these intriguing spin-dependent phenomena.
In this paper we report spin Hall magnetoresistance, spin Seebeck effect and damping-like SOT measurements in TmIG/Pt layers with perpendicular magnetic anisotropy. We quantitatively compare these measurements, performed on a single device, as a function of the thermal annealing temperature. The moderate annealing temperatures ( 350° ) used in this study are found to have a minor influence on the magnetic and electrical properties of TmIG and Pt, respectively, but have, in contrast, a large influence on the interface properties, namely the spin mixing conductance . Simultaneous analysis of the measured data reveals that the changes in the SMR and the SSE are relatively well correlated as a function of the annealing temperature whereas the damping-like SOT follows a significantly different trend. This result, which is contrary to theoretical expectations, suggests that additional contributions to damping-like SOT in this system are present.
We present evidence that these contributions may be due to magnetic impurity scattering in the proximity of the TmIG/Pt interface. This result highlights the complex and intriguing physics behind the damping-like SOT in MI/NM systems.
EXPERIMENTAL SETUP AND MEASUREMENT METHODS

a. Sample Preparation
To conduct the study, an 8-nm-thick Tm 3 Fe 5 O 12 (thulium iron garnet, TmIG) film was grown under tensile epitaxial strain on a (111)-oriented single crystal gadolinium gallium garnet substrate by pulsed laser deposition, followed by an ex-situ deposition of Pt (5nm) using DC magnetron sputtering. Due to its negative magnetostriction, the magnetoelastic anisotropy of TmIG exceeds the shape anisotropy (and magnetocrystalline anisotropy plays a minor role) leading to PMA with a magnetic easy axis in the out-of-
More details about the sample preparation and characterization can be found in Refs. 15, 30 . The continuous film was patterned into a Hall cross with dimensions of 8μm by 6μm [current line
and Hall arm width, respectively, see Fig.2(a) ] by using standard optical lithography and Ar + ion milling.
Non-resonant harmonic Hall effect measurements were performed with a lock-in amplifier operated at 3678
Hz in a probe station where in-plane and out-of-plane magnetic fields can be applied simultaneously.
Annealing of the device was performed in an inert Ar gas environment in the presence of an out-of-plane magnetic field of 4 kOe, with a dwell time of 1 h, ramped at 20 K/min. For the reference saturation magnetization (M s ) measurements a TmIG (20nm)/Pt (5nm) sample was prepared and annealed under nominally identical conditions and a vibrating sample magnetometer was used. All measurements were performed at room temperature.
b. Harmonic Hall Effect Measurements
Injecting an ac current with frequency ω into a Hall cross results in an oscillating Hall resistance with frequencies equal to multiples of ω, corresponding to first, second and higher order harmonics. The first harmonic resistance R ω is equivalent to a standard Hall resistance ( ) measured with a dc current, and probes the equilibrium magnetization-and field-driven signals which do not depend on the current itself. In the case of a MI/NM bilayer the first harmonic Hall resistance contains several contributions, mainly driven by the SMR, and expressed as follows:
. (1) Here , and represent the transverse SMR, the SMR-induced anomalous Hall effect (AHE) resistance, and the ordinary Hall effect (OHE) resistance of the NM, respectively. is the out-of-plane (OOP, z) component of the external field. The in-plane (IP) magnetization angle is defined in Fig. 2(a) , whereas represents the magnetization angle with respect to the z-axis. According to the SMR theory based on a driftdiffusion model, 14 and are analogous to planar and anomalous Hall resistances in metallic ferromagnets, and attributed to the real (Re ) and imaginary (Im ) part of the interface spin mixing conductance, respectively, which itself sensitively depends on the interface. Typically in the MI/NM case when the interface allows an efficient spin transmission. We shall provide more details about these parameters in Sect. IIIc.
The second harmonic Hall effect signal contains information about the current-induced SOTs and thermally driven effects. 36 The appearance of the former is due to oscillations of the magnetization vector m around its equilibrium position mediated by the oscillating current-induced SOTs and Oersted field. The latter appears due to the quadratic dependence of the Joule heating on the injected current ( ), which unavoidably establishes a temperature gradient ( T) perpendicular to the layer plane due to preferential heat dissipation towards the substrate side. 37 Consequently, thermal voltages, corresponding predominantly to the anomalous Nernst effect and SSE, show up in the 2 nd harmonic signal due to the dependence of T on , showing a symmetry of T . 29, 34, 36, 38 In the TmIG/Pt system the dominant thermally-driven signal is expected to be the SSE, as revealed by recent studies on similar MI/NM systems 39 since the anomalous Nernst effect requires the magnetic layer to be electrically conducting. We use the 2 nd harmonic Hall resistance ( ) expression given in Ref. 18 where we replace the anomalous and planar Hall terms by the corresponding SMRdriven signals. By taking also into account the second harmonic resistance driven by the SSE, we can express in TmIG/Pt as follows:
. (2) Here and are the polar and azimuthal components of the current-induced effective fields corresponding to SOTs and Oersted torque, is the polar angle of , and is the 2 nd harmonic resistance corresponding to the SSE.
We note that the SOTs consist of two components, damping-like ( ) and field-like torque ( ), and follow the symmetry below: 18, 20 ,
where ( , ) are the scalar damping-like and field-like torque quantities, respectively, and is the inplane direction transverse to the current injection direction, as defined in Fig.2 (a) . The corresponding effective fields are expressed as and , with the Oersted field having the same symmetry as . Finally, the scalar effective fields are expressed as and .
RESULTS AND DISCUSSION
a. Annealing Temperature dependence of SMR and SMR-induced AHE
In order to measure the different SMR and OHE contributions given in Eq. 1, we measure while sweeping the external field along OOP ( 0°) and IP directions at ( , 90°, 45°), respectively, in as-grown and annealed states. As depicted in Fig. 2(b Interestingly, we have found that becomes larger (whereas and are nearly constant) upon increasing the current density. This suggests that the temperature rise due to Joule heating has a significant effect on .
Next, we quantify and as a function of with the data shown in Fig. 2(c) . We find that there is a linear relationship between these two quantities with no apparent offset, as illustrated in Fig.2(d) . This remarkable correlation between and suggest that their driving mechanisms, believed to be Re and Im , respectively, are affected in the same way by the physical changes taking place upon annealing.
To obtain more insight into the effect of annealing on the electrical and magnetic properties of the system we quantified the resistivity of Pt and the effective perpendicular anisotropy of TmIG [ Fig. 2(f) ]. We observe that the resistivity slightly decreases with increasing . This behavior, observed at moderate annealing temperatures, is attributed to the relaxation of the intrinsic tensile film stress in Pt which effectively increases the mean free path of electrons and thereby the conductivity. 40 We note that grain growth may also contribute.
We also observe a slight decrease (~20%) in the effective perpendicular anisotropy field ( ) which is given by the field required to entirely saturate m in-plane. However, VSM measurements on the reference TmIG/Pt sample show negligible variation in the saturation magnetization [see Fig.2 (f)] and coercivity upon annealing (not shown). This suggests that variations in and local coercivity (region probed by the Hall cross, 6x8 μm 2 ) can result from the changes in the magnetic anisotropy energy, which is extremely sensitive to the strain state 30 and can slightly change upon moderate annealing. Therefore we conclude that the large variations in , and possibly the decrease in coercivity and observed in Fig.2 (b,f) are predominantly due to the changes at the TmIG/Pt interface.
b. Annealing Temperature dependence of SSE and damping-like SOT
Now we focus on the measurements to probe the SSE and SOTs. Typical measurement geometries to determine the SSE and SOTs are displayed in Fig. 3 observe that is much larger at 0° than at 90°, and does not depend on above 1500 Oe.
This is characteristic of a thermally-driven SSE signal, since SOT-originated signals should tend to zero at higher fields due to the reduced susceptibility of m, and hence reduced SOT-driven oscillations. 36 is quantified by straightforward evaluation of the amplitude in the lower panel of Fig. 3 (a) Fig. 3(c) ]. We note that to accurately estimate sin in the above given expression we performed an additional measurement at 45° where sin (not shown).
Based on the above analysis we plot and as a function of in Fig. 4 (a) and (b), respectively.
Notice that the slight change in the device resistance upon annealing [see Fig. 2 (e)] gives rise to different joule heating for the same applied current which is taken into account to normalize values reported in Fig. 4(a) . We observe that both effects reduce with the increasing but with different tendencies. We remark that decreases rather linearly, reflecting approximately the changes in . On the other hand is nearly constant up to 300° and decreases abruptly upon annealing at 350° . These intriguing results call for a more detailed analysis which we perform in the following section.
c. Analysis and comparison of SMR, SSE and damping-like SOT
We find it sensible to examine the SMR, SSE and the damping-like SOT in terms of changes in as a function of since this is presumably the most crucial parameter governing all three effects studied here. ), comparable to the highest reported values for YIG/Pt. 7 However we caution that these results depend strongly on the choice of SH . To highlight this point we have also calculated by taking SH 0.07 (as typically assumed). The results are depicted in Fig. 5(b) where we find both Re and Im are more than one order of magnitude smaller. Nevertheless, independent of the parameter choice, these results suggest a rather efficient transmission of the spin current through the TmIG/Pt interface, especially in the as-grown state, and degradation of the interface causes a gradual reduction in the spin transport efficiency.
To gain further insight into the dependence of the experimentally determined and one must compare them with the SMR data on an equal footing. The amplitude of the electric field due to the inverse spin Hall effect in a NM resulting from spin pumping from an adjacent ferromagnet is well known (see e.g.
Ref.
44
). Since the physics governing the spin dynamics at the interface and inside the NM should not depend on the manner by which spin current is generated inside the MI, we can adapt the expression originally developed for spin pumping in Ref. 44 and apply it to the spin Seebeck effect:
.
Here is the spin Seebeck coefficient in units of V/m which incorporates a variety of material-dependent parameters such as the gyromagnetic ratio, saturation magnetization and magnetic coherence volume. 7 Similarly we use the damping-like torque expression developed in Ref. 20 : ,
where is the scaled spin mixing conductance and defined as 2 tanh . Now we can use Eqs. 6 and 7 to qualitatively estimate the Re dependence of and in order to compare with the measured data. We note that the calculations are not exact since we are missing some material and experimental parameters such as and but these are only scaling factors and presumably have negligible dependences. Therefore the calculated trends should be comparable to the experimental data.
We consider two sets of , one estimated with SH 0.025 and the other with SH 0.07. Figure 6 shows the comparison between the experimental data (left axis) and calculations (right axis) for (a,c) and (b,c). We find a notable difference between the theoretical estimation and the experimental data for both quantities, independent of the SH choice. This implies that the SMR measurement does not agree with the SSE and measurements. It can be argued that, although there is no quantitative agreement, the trend for the SSE is somewhat similar to the expectations. However the disagreement is substantial in the case of , which we find intriguing and further discuss below.
The unexpected dependency of can have several origins. One of the possible reasons could be a contribution of to the harmonic data, which is neglected in our analysis. In our previous work 15 which we find decreases with the same rate as Re upon annealing. Furthermore, if there is any present in the system, it should be much stronger than the Oersted field acting on TmIG by the current injection in Pt, since in the case of all-metallic structures these two were found to be opposite in sign. Another possible argument could be that and signals are distorted due to an in-plane magnetic anisotropy giving rise to an incorrect estimation of . Detailed angle-dependent measurements on the same bilayer system (a different device) previously reported in Ref. 30 showed that, within our detection limit, the field required to saturate m fully in-plane is rather isotropic in the sample plane. This suggest that the in-plane magnetic anisotropy is negligible in this systems therefore its influence on the harmonic measurements can be neglected. Overall, these considerations strongly suggest that an incorrect estimation of cannot account for the observed behavior.
We realize that the dependency of follows a similar trend to that of [determined by the measurements reported in Fig. 2(b) ]. This correlation, illustrated in Fig. 7 is rather surprising since their driving mechanisms differ fundamentally. Indeed, we note that such strong variation in is unexpected
given that the changes in the bulk properties of Pt are too small to considerably modify the Lorentz force acting on conduction electrons. Recently, it has been reported that a significant paramagnetic-like signal contributes to the in Pt/YIG, which sometimes even dominates based on Pt thickness and temperature.
The paramagnetic Fe impurities in Pt, which are not coupled to the magnetization of YIG, in the vicinity of the interface were held responsible for the observation. 45, 46 We can expect that the lighter atoms such as Fe and O diffuse from TmIG towards Pt side during annealing, increasing the Fe impurity concentration in Pt close to the interface. It is likely that these impurities create a paramagnetic signal and modify the OHE slope which would be nearly constant for all otherwise. Unfortunately the maximum field that we can apply with our setup is too low to detect the signature of the paramagnetic signal which typically requires several T
and follows approximately a Langevin function. 46 However, by tentatively attributing the changes in the to the paramagnetic Hall effect contribution, thereby to the increased Fe impurity concentration, we speculate that additional (spin-dependent) scattering takes place, increasingly with , modifying the spin-torque properties driven by the SHE (i.e. ) and consequently giving rise to the correlation observed in Fig. 4 .
CONCLUSIONS
In conclusion, we have characterized the SMR, the Joule heating-induced SSE and the damping-like SOT in
TmIG/Pt as a function of the thermal annealing temperature up to 350 . Owing to the perpendicular magnetic anisotropy of TmIG we are able to accurately determine the above quantities based on harmonic Hall effect measurements. We find that in the as-grown state, the sample possesses a quite large spin mixing conductance
) and a reasonable value of the spin Hall angle ( SH 0.025). We further reveal that with increasing , the interface gradually degrades, and as a consequence, we observe a reduction in amplitude of all three spin-transport effects. We attribute this behavior primarily to the changes in the spinmixing conductance which depends sensitively on the interface quality. However, further analysis demonstrates that with respect to the SMR the decrease of the SSE and especially the damping-like SOT shows a trend different to the theoretically predicted one. By comparing the damping-like SOT with the ordinary Hall effect, we found evidence that Fe impurities in Pt close to the interface might be responsible for the distinct annealing temperature dependence of the damping-like torque. This study reveals the complex dependence of the spin transport effects on the interface properties and calls for further investigation into their interdependence. Direct measurement of the spin-mixing conductance by an alternative method, such as ferromagnetic resonance, might be helpful to shed light on the observed annealing temperature dependence of the spin transport properties. There is an apparent correlation between these two quantities.
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